Introduction
Older adults are at increased risk of death and complications due to influenza infection (Simonsen et al., 2000; Schanzer et al., 2007) , accounting for 90% of influenza-related deaths (Thompson et al., 2010) . While vaccinations rates have increased over the years (Gionet, 2015) , hospitalizations rates remain unchanged (Thompson et al., 2004) .
One of the causes of increased influenza associated morbidity and mortality in older adults is decreasing vaccine effectiveness with age (Goodwin et al., 2006; Simonsen et al., 2007) . The current influenza vaccine strategy hinges on inducing an antibody response, but has poor efficacy in older adults. Age-related changes in both B and T-cells are associated with a decline in the antibody response to vaccination (Goronzy et al., 2001; Saurwein-Teissl et al., 2002; Frasca et al., 2010; Frasca et al., 2016) . Furthermore, influenza antibody titers have been shown to be a poor correlate of protection in older adults (McElhaney et al., 2006; McElhaney et al., 2009 ). Cytotoxic T-lymphocyte (CTL) responses have been identified to be protective against influenza disease (La Gruta and Turner, 2014) , thus underlining the importance of including measures of the cellular immune response in the assessment of influenza vaccine efficacy (Effros, 2007) . Specifically, granzyme B (GrB) activity and IFN-γ:IL-10 ratios in influenza virus-challenged PBMCs have been found to correlate with protection against influenza in older adults (McElhaney et al., 2006; McElhaney et al., 2009; Shahid et al., 2010) and could be useful measures when evaluating vaccine efficacy.
The majority of older adults are seropositive for cytomegalovirus (CMV) (Staras et al., 2006) which may be a confounding factor in evaluating the immune response to influenza vaccination Furman et al., 2015; Haq et al., 2016) . Persistent CMV infection has been shown to be a major driver of terminal differentiation of CD8 + T-cells (Derhovanessian et al., 2009; McElhaney et al., 2009 ). These terminally differentiated CD8 + T-cells express and release the cytolytic mediator, GrB, in the absence of perforin in both the resting and activated state (Zhou and McElhaney, 2011) , and can contribute to toxicity in the extracellular space (McElhaney et al., 2012) . The presence of high levels of baseline GrB (bGrB) in the resting state of unstimulated T-cells hinders the inducible GrB (iGrB) response to ex vivo influenza challenge (McElhaney et al., 2012; Haq et al., 2016) and may result in a compromised response to infection. Previous studies comparing high dose (HD) and standard dose (SD) influenza vaccine formulations in older adults found significantly higher antibody titers in those receiving HD vaccinations (Couch et al., 2007; Falsey et al., 2009; DiazGranados et al., 2013; DiazGranados et al., 2014) but the impact of vaccine dose on cellular immune response requires further investigation.
Here we present the results of a randomized study comparing SD and HD influenza vaccines in older adults using longitudinal sampling and an ex vivo infection model. Changes in cell-mediated immune responses pre-and post-vaccination were measured to determine the impact of vaccine dose, influenza infection, and CMV seropositivity.
Materials and methods

Population
Ethics approval was obtained from local ethics committees: University of Connecticut Health Centre and Health Sciences North (ClinicalTrials.gov Identifier: NCT02297542). Older adults (≥65 years of age, n = 106) and young adults (20-40 years of age, n = 19) were recruited through the UConn Center on Aging Recruitment Core (UCARC) and the Health Sciences North Research Institute. Written informed consent was obtained from all study participants. The inclusion criteria for this study required older adults to have received an influenza vaccination in the previous influenza season. Exclusion criteria included: (a) immunosuppressive disorders or medications (including oral prednisone in doses > 10 mg daily); (b) inability to be vaccinated due to a previous significant adverse reaction to influenza vaccine, eggs, latex, or thimerosol, or refusal of vaccination; (c) recipients of influenza vaccination from a community-based program for the approaching influenza season; and (d) pregnancy at week 0 (prevaccination).
Vaccination
Older adults were randomized to receive either the trivalent, splitvirus Sanofi Pasteur Fluzone SD vaccine (15 μg of Hemagglutinin (HA) per strain) (n = 53) or Fluzone HD vaccine (60 μg of HA per strain) (n = 53). All young adults received the Fluzone SD vaccine. 
Sample collection
Whole blood samples were collected pre-vaccination (week 0) and also at 4, 10 and 20 weeks post-vaccination. PBMCs were isolated from heparinized blood samples using Ficoll-Plaque Plus (GE Healthcare) gradient purification and transferred to liquid nitrogen for storage. Plasma and serum samples were collected and stored at -80°C.
Frailty measures
To measure frailty, two measures were used. The Fried Model was used to measure the Frailty phenotype based on the number of deficits: unintended weight loss, tiredness, weak grip strength, slow walking speed, and physical inactivity (Fried et al., 2001 ). Scores were categorized as follows: 3-5, frail; 1-2, pre-frail; and 0, non-frail. The Frailty Index was determined by assessing 40 validated deficits (McNeil et al., 2012) , calculating the sum of deficits then divided by the total deficits considered (Rockwood and Mitnitski, 2011) . Individuals with a low Frailty Index (< 0.05) were classified as non-frail, whereas those with an index value of > 0.4 were classified as frail; those with intermediate values were considered to be pre-frail.
Influenza surveillance
Participants received weekly phone calls during the influenza season and were requested to report any influenza-like illness (ILI) or acute respiratory infection (ARI). ILI was defined by the presence of two respiratory symptoms (cough, sore throat, shortness of breath, and nasal stuffiness) or 1 respiratory and 1 systemic symptom (headache, malaise, oral temperature > 37°C or fever and muscle ache). When reported symptoms met the ILI criteria and were within 5 days of symptom onset, a nasal swab was collected. A laboratory diagnosis of influenza illness was confirmed by the detection of influenza virus by PCR assay of the nasal swab or a 4-fold or greater rise in the antibody titer from pre-vaccination to 4-week post-vaccination.
Influenza serological analysis
Hemagglutinin-inhibition (HAI) antibody titer assays for A/ California/7/2009 (H1N1), A/Texas/50/2013 (H3N2), and B/ Massachusetts/2/2012 virus strains were performed using previously described standard methodologies (Webster et al., 2002; Lancaster and Febbraio, 2014) .
CMV serology
The CMV serostatus was determined by testing serum using a CMV IgG ELISA kit (Genesis Diagnostics Inc., Cambridgeshire, UK) according to the manufacturer's instructions.
Cell stimulation
To measure cellular immune responses, PBMCs were stimulated with live influenza virus as previously described (McElhaney and Gentleman, 2015) . Briefly, PBMCs were challenged ex vivo with live influenza virus A/Victoria/3/75 (H3N2) or B/Lee/40 (Charles River). Influenza A/H1N1 stimulation was not performed. After a 20-h incubation at 37°C, PBMC lysates and supernatants were collected and frozen at -80°C. Viral strains matching those in the 2014-2015 influenza vaccine were not used as our studies focus on investigating T-cell response, which are primarily targeted against conserved internal or non-structural proteins (Thomas et al., 2006) . Further, we have a consistent commercially available source of sucrose gradient-purified influenza virus, which we have shown stimulates similar T-cell responses when compared to seasonal influenza strains (unpublished data).
Granzyme B assay
GrB activity was measured based on cleavage of the peptide substrate, IEPDpNA (EMD Millipore), which causes a colorimetric change with the release of p-nitroaline (pNA), and is measured as enzyme units (U). GrB activity is adjusted by the total protein content in the cell lysate using the bicinchoninic acid (BCA) assay kit (Pierce, ThermoFisher Scientific), and reported as U/mg of protein (McElhaney and Gentleman, 2015) . bGrB was determined by measuring GrB activity in unstimulated T-cells (cells isolated using StemCell Technologies EasySep T-cell negative selection kit). iGrB ratio levels were calculated as iGrB = (GrB in virus stimulated PBMC lysates) / (bGrB). iGrB levels were determined for both A/Victoria/3/75 (H3N2) and B/Lee/40 challenged PBMCs.
Multiplex cytokine assay
MILLIPLEX MAP (Milipore) was used to measure cytokine levels (IFN-γ, TNF-α, IL-1β, IL-6, IL-10, Samples with undetectable cytokine levels were entered at half of the MLD. If > 1/3 of data points in the dataset fell below the MLD for a particular cytokine, the analysis was not performed.
Statistical analysis
Normal distribution of the data was tested using the D'Agostino and Pearson omnibus normality test. Analysis of GrB was performed on log 10 transformed data: the t-test was used for comparison between groups at a single time point, paired t-tests for within-group comparisons between time points, and analysis of variance (ANOVA) and analysis of covariance (ANCOVA) for multiple comparisons. For the analysis of antibody titers (log 10 transformed) and cytokines: the MannWhitney test was used for between-group comparisons at a single time point, Wilcoxon matched-pairs signed rank test was used for withingroup comparisons between time points. Pearson correlation coefficients were used to determine associations between variables. The Chisquare test and Fisher's exact test were used for categorical variables as appropriate. The associations between age, gender, CMV seropositivity, vaccine dose, GrB levels, cytokine levels, and other clinical factors in response to influenza vaccination and infection were investigated using multiple linear logistic regression models. Analysis were performed using GraphPad Prism 5 and SPSS version 14 (SPSS inc.).
Due to the enhanced response to ex vivo live virus-challenge in PBMCs following natural influenza infection (Shahid et al., 2010) , data from Flu + subjects obtained post infection were excluded from the analysis of vaccine dose and CMV serostatus. This study was not sufficiently powered for a comparison of HAI titers between vaccine groups, with a reported coefficient of variation of 138% (Wood et al., 1994; Stephenson et al., 2007) , but did allow for the analysis of trends. This study was appropriately powered for analysis of GrB (13 subjects per group) and cytokines (33 subjects per group) to detect a 25% difference between groups (95% CI, power 0.8) (Gijzen et al., 2010) .
Results
Impact of influenza vaccine dose in older adults
Cohort statistics
One hundred and six older adults were enrolled and vaccinated in the study at the beginning of the 2014/2015 flu season. Demographic data was comparable between the vaccine groups: SD (n = 53) and HD (n = 53) ( Table 1) . Each group had a similar mean age ( ± standard deviation) of 75 years ± 7.5 (SD) and 75 years ± 7.8 (HD), along with other cohort characteristics including CMV status (~55% CMV + ), sex (~30% male), medical conditions and medication usage. For the measures of frailty, the Frailty Index was similar between groups (SD, 0.10 ( ± 0.08) and HD, 0.11 ( ± 0.07), (p = 0.37)), although frailty by the Fried criteria was lower in the SD group (median (IQR): SD, 1(1); HD, 2(1); p = 0.05).
HD vaccination induces higher and enduring influenza titers in older adults
Previous studies comparing HD and SD vaccines in older adults have found significantly higher antibody titers in those receiving HD than SD vaccine at 28 days post-vaccination for all 3 influenza strains (Falsey et al., 2009; Chen et al., 2011; DiazGranados et al., 2013; Kim et al., 2016) . In this study, longitudinal sampling also supported a comparison of the duration of the antibody response between the two groups over the course of the influenza season (early January to March 2015, corresponding to 10 and 20 weeks post-vaccination).
Consistent with previous observations, the geometric mean titer (GMT) was higher in the HD compared to the SD group at week 4 postvaccination for both influenza A strains ( Fig. 1a-b) . Although the influenza B pre-vaccination GMT was higher in the SD than in the HD group, the fold increase in antibody titers in response to vaccination for influenza B was greater in the HD compared to the SD group (Table  S2a) . HD vaccination also improved the duration of the antibody response (up to week 20) compared to SD vaccination, but only for the influenza A/H1N1 and B strains (Table S2a) . While the HD vaccine induced a greater antibody response, there was no difference in seroprotection rates (titer ≥ 40) between the vaccine groups at week 4, for each of the three influenza strains. It should be noted that other studies have reported greater seroconversion rates in HD vaccine recipients (Falsey et al., 2009; DiazGranados et al., 2013; Kim et al., 2016) . Although the difference in pre-vaccination titers between the young and older adults was large (Fig. S1 ), the fold increase in antibody titers was similar in older and younger adults receiving the SD vaccine (Table  S2a) , suggesting pre-vaccination titers play a greater role than age in the antibody response to influenza vaccination, consistent with our previous observations (Höpping et al., 2016) . The data presented here shows that HD vaccination induces higher and longer lasting antibody responses, but may not necessarily improve seroprotection rates compared to SD vaccines.
Greater iGrB response in HD vaccine recipients to live influenza virus challenge, but only between 4 and 10 weeks post-vaccination
GrB responses play an important role in the killing of influenzainfected cells (Johnson et al., 2003) . To determine the impact of vaccination on iGrB responses, we measured its activity in live viruschallenged PBMCs. While both vaccines induced significantly higher iGrB responses post-vaccination (week 0 to week 4: paired t-test, p ≤0.001), iGrB responses in HD recipients were higher than the SD group at week 4 after adjusting for pre-vaccination iGrB levels (AN-COVA: A/H3N2, p = 0.004; influenza B, p = 0.02) but not at the later time points (Fig. 1d, e) . In young adults, the iGrB response to viruschallenge was not significantly improved by vaccination (paired t-test A/H3N2, p = 0.1; B, p = 0.07). It should also be noted that comparable iGrB responses to vaccination were found in PBMCs challenged with influenza A/H3N2 and B viruses. The results presented here suggest that HD compared to SD vaccination results in a significant increase in the iGrB response to live virus-challenge, but this response was not maintained, likely due to a decline in effector CD8 + T-cells by 10 weeks post-vaccination as previously reported (Zhou and McElhaney, 2011) .
Strong Th2 response in HD vaccine recipients in virus-challenged cells
To examine the effect of vaccine dose, on ex vivo cytokine responses, we measured cytokine levels in supernatants from ex vivo influenzachallenged PBMCs (Fig. 1f-i) . While SD vaccination did not impact the . Error bars denote 95% CI. Significant differences between groups at a single time point determined using 2-sided Mann-Whitney test. Geometric mean iGrB response in PBMCs challenged with influenza A/H3N2 (d) and B (e). Significant difference between groups determined by ANCOVA. Error bars denote 95% CI. (f-h) Mean cytokine levels (TNF-α, IFN-γ and IL-10) in supernatants of ex vivo live influenza virus-challenged PBMCs (A/H3N2). Error bars denote SEM. Significant differences between groups at a single time point determined using 2-sided Mann-Whitney test. Significance between groups across the 4 time points was determined by ANOVA. (i) Mean IFN-γ:IL-10 ratio in supernatants of ex vivo live influenza virus-challenged PBMCs (A/H3N2). Error bars denote SEM. Significant differences between groups at a single time point determined using 2-sided Mann-Whitney test. *, p ≤ 0.05; **, p ≤ 0.01.
TNF-α response post-vaccination (Wilcoxon matched-pairs signed rank test, p = 0.63), HD vaccination did result in a significantly higher mean TNF-α response measured at week 4 (Fig. 1f) , but this was not maintained at week 10 (Table S3a) . Although the mean IFN-γ response at week 4 was not significantly different between vaccine groups, the same trend seen with TNF-α responses was observed with IFN-γ (Fig. 1f) . Specifically, SD vaccination did not significantly impact postvaccination IFN-γ responses (p = 0.97), and the fold increase in IFN-γ response in the HD recipients was similar to that of SD recipients at week 10 (Table S3a) . While SD vaccination in older adults did not impact TNF-α or IFN-γ responses, IL-10 responses were significantly increased (p ≤ 0.0001), with a response that was almost 3-fold higher in the HD compare to the SD group (Fig. 1h, Table S3a ). This dramatic increase in the IL-10 response to virus-challenge post-vaccination resulted in a significant lowering of the IFN-γ:IL-10 ratio in the HD group (Fig. 1i) . IL-1β and IL-6 levels were not significantly different between vaccine groups (Fig. S2) . IL-15 and IL-22 responses were measured, but not analyzed as the majority of measurements fell below the lower limit of detection (2.5 pg/ml and 0.021 ng/ml respectively).
The analysis of the cytokine response in recipients of HD vaccine suggests that this vaccine stimulates a strong and sustained Th2 but not a Th1 memory response. As we have previously reported for SD vaccine (McElhaney et al., 2006; Shahid et al., 2010) , the IFN-γ:IL-10 ratio variably declines at 4-weeks post-vaccination due to a peak in the IL-10 response at 4-weeks post-vaccination, whereas any IFN-γ response is delayed to 10-weeks post-vaccination. This variability in the pattern of result may reflect the different methodologies used for cytokine quantification (single cytokine ELISA-based assays in our earlier studies vs. multiplex Luminex bead based assay in this study). Various studies have reported on the correlation between ELISA and Luminex assays, finding a correlation between the two methods, but Luminex assays generally have a greater dynamic range and may differ in the absolute cytokine concentrations depending on the cytokine and kit used (Elshal and McCoy, 2006) . For example, it was reported that a multiplex-based IFN-γ quantification was 2-4 fold lower and IL-10 levels were 2-fold higher than that quantified by ELISA (duPont et al., 2005) . As such, the trends observed between assays are comparable when analyzing absolute concentrations, but may be obscured when ratios are used.
Influenza infection in older adults results in a strong Th1 and Th2 response to influenza virus-challenge
A small number of subjects became infected with influenza, allowing for the comparison of antibody and cytokine responses to determine if pre-vaccination responses were correlated with influenza infection susceptibility.
Seven older adult subjects became infected with influenza A/H3N2 at some point around the week 10 post-vaccination time point, all of whom seroconverted post-infection. Of those developing infection, 3 subjects received HD vaccine and 4 subjects received SD vaccine. Of the 7 subjects with influenza infection, 3 did not meet the criteria for ILI.
In this cohort, iGrB, TNF-α, IFN-γ and IL-10 responses at week 0 or week 4 were not predictive of influenza infection (based on logistic regression analysis), after adjustment for age, CMV status, vaccine dose and sex (Table S4) . However, the analysis was underpowered with only 7 subjects, 2 of whom were asymptomatic seroconverters, and may represent a Type 2 error.
As previously discussed, vaccination of older adults, regardless of dose resulted in a post-vaccination (week 4) increase in GMT, IL-10 and iGrB responses to live influenza virus-challenge. However, while the Flu + subjects demonstrated no increase in these T-cell responses following vaccination (Fig. 2) , a significant change was demonstrated following influenza infection. Seroconversion and an increase in influenza A/H3N2 GMT following infection is delayed for a 2-4 week period after which peak antibody titers are observed (Richman et al., 1976) , thus explaining why the antibody response to infection at 10-weeks post-vaccination, was not detected until the 20-week post-vaccination time point. When compared to pre-infection responses to the A/H3N2 viruschallenge (week 4), the 7 Flu + subjects showed a significant increase in iGrB and IL-10 responses at week 10 and 20; and TNF-α, IFN-γ and IFN-γ:IL-10 at week 20 (Fig. 2) . Furthermore, TNF-α, IFN-γ and IFN-γ:IL-10, but not iGrB responses at week 20 were able to differentiate Flu + from Flu -subjects (based on logistic regression analysis) (Table S4) . Influenza A/H3N2 infection has no effect on the iGrb responses measured in PBMCs challenged ex vivo with influenza B (Fig. 2d, e) . These results suggest that the weak iGrB response to vaccination in influenza-susceptible older adults is a reversible defect of T-cell memory that can be restored by natural influenza infection, and re-stimulated with a subsequent influenza vaccination (McElhaney et al., 2009) . Although the analysis of T-cell responses in Flu + older subjects was not statistically powered to establish correlates protection following influenza vaccination, we were able to demonstrate a strong Th1 and Th2 memory response following natural infection with influenza A/ H3N2.
CMV seropositivity does not impact response to influenza vaccination, but impairs response to influenza virus-challenge
When the study cohort of older adults was characterized based on CMV status (CMV -, n = 46 and CMV + , n = 60), age, vaccine dose, medical conditions and medications were similar between groups, although sex (p = 0.06) approached significance (Table S1 ). A higher level of frailty has been reported in CMV + subjects (Schmaltz et al., 2005; Wang et al., 2010) , but was not significant in this study (Fried Frailty, p = 0.09; Frailty Index, p = 0.42) . Inconsistent findings of the impact of CMV on antibody responses to vaccination have been reported (Wald et al., 2013; Frasca et al., 2015; Furman et al., 2015; Haq et al., 2016) . While the influenza B GMT was higher pre-vaccination in CMV -subjects, there was no difference in GMT fold increase (Fig. 3c , Table S2c ) or seroprotection rates between CMV + and CMV -older adults post-vaccination. Instead, we observed a trend over the course of 20 weeks of higher A/H3N2 GMT in CMV + subjects and higher influenza B GMT in CMV -subjects (although not statistically significant (Fig. 3b, c) ). A correlation in CMV + subjects between CMV titer and cytokine or GrB levels was not observed, although there was a weak positive correlation between CMV titer and influenza antibody titer at week 4 for the A/H1N1 (r = 0.27, p = 0.05) and B (r = 0.37, p = 0.01) strains that was not significant for A/H3N2 strain (r = 0.25, p = 0.08).
We have previosuly shown that GrB levels in unstimulated T-cells (bGrB) are higher is CMV + compared to CMV -older adults (McElhaney et al., 2012; Haq et al., 2016) possibly due to continued activation of CMV-specific T-cells to maintain CMV latency. This study mirrors the previous studies (Fig. 3d) . Our previously unpublished data were supported in this study showing the significant difference in bGrB levels between age groups, with older adults having several fold higher levels of bGrB activity compared to young adults. A significantly greater iGrB response was observed in CMV -compared to CMV + older adults, regardless of vaccine dose (Fig. 3e) , as has been reported previously (Haq et al., 2016) . Additionally, bGrB levels were found to be strongly correlated with the iGrB response pre-vaccination in both young (r = -0.7, p = 0.005) and older adults (r = -0.9, p ≤0.0001), regardless of CMV status (Fig. S3) .
While there was no difference in the cytokine response (fold increase) to vaccination based on CMV status (Table S3c) , TNF-α and IFN-γ levels were significantly increased in CMV -compared to CMV + older adults over the course of the 20 weeks (Fig. 3f,g ). Taken together, these data suggest that CMV status does not impact the response to vaccination, but rather impairs the cellular responses to influenza virus challenge.
Discussion
The study presented here investigates the impact of influenza vaccine dose, influenza infection and CMV serostatus on the antibody and cellular immune response in older adults using an ex vivo live influenza virus-challenge model.
The decline with aging, in the antibody response to influenza vaccination and the associated loss of vaccine efficacy has been attributed to age-related changes in the T-cells (Goronzy et al., 2001; SaurweinTeissl et al., 2002) . The HD vaccine was designed to overcome these changes and has been shown to significantly increase antibody responses in older adults when compared to SD vaccines (Couch et al., 2007; Falsey et al., 2009; DiazGranados et al., 2013; DiazGranados et al., 2014) . Using longitudinal sampling, we found that HD compared to SD vaccination significantly improved both the magnitude and duration of the antibody response to the A/H1N1 and B strains out to 20-weeks post-vaccination, but the same did not hold true for the A/ H3N2 strain. This may be explained by the higher pre-vaccination A/ H3N2 titers (relative to other strains), resulting in a ceiling effect wherein the GMT increase may be limited by high pre-vaccination titers in both young and older adults (Van Epps et al., 2017) .
Influenza antibody titers have been shown to be a poor predictor of vaccine failure in older adults (McElhaney et al., 2006; McElhaney et al., 2009) , and is particularly important in years where the vaccine strains do not match the circulating strains, thus resulting in poor antibody-mediated protection (Dunning et al., 2016) . This may have been the case in this study as the vaccine and circulating A/H3N2 strains were reported to be a poor match (Flannery et al., 2015) with little cross-reactivity with other A/H3N2 strains (Xie et al., 2015) . It also highlights the need for vaccines to induce T-cell memory, and provide cross protection between strains. Thus, measures of cellular immune responses may complement antibody responses to predict vaccine effectiveness.
CTL responses are protective against influenza infection (La Gruta and Turner, 2014) . Specifically, iGrB responses and IFN-γ:IL-10 ratios have been found to be reliable correlates of protection against influenza in older adults (McElhaney et al., 2006; McElhaney et al., 2009; Shahid et al., 2010) . Previous studies reporting that the HD influenza vaccination does not improve the IFN-γ response (Chen et al., 2011; Kim et al., 2016 ) (using ELISpot and flow cytometry respectively) are not supported by our findings. This may be related to differences in measures of cell frequencies compared to cytokine levels, and changes that may be due to an increase in the amount of cytokine produced on a per cell basis in response to ex vivo virus-challenge. In our study, HD but not SD vaccination in older adults increased IFN-γ, TNF-α, and iGrB responses to live virus-challenge at 4-weeks post-vaccination, but not at week 10. In contrast, IL-10 (which has been correlated with antibody response to influenza vaccination ) was elevated in HD compared to SD recipients up to 20-weeks post-vaccination resulting in a lower IFN-γ:IL-10 ratio in the HD compared to the SD group. A high IFN-γ:IL-10 ratio has been identified as a correlate of protection against influenza in older adults (McElhaney et al., 2006; McElhaney et al., 2009; Shahid et al., 2010) suggesting that the cellular immune response induced by HD vaccination may not be optimal.
The skewing of the T-cell response toward a Th2 (IL-10) response in recipients of the HD influenza vaccine may be explained by studies of antigen dosage. Low dose influenza peptides favour a Th1 response, and at very high concentrations favour Th2/T follicular helper (T FH ) cell response (Brown et al., 2009; Pompano et al., 2014) . The relationship between T FH and antigen dose corresponds to a recent study founding a greater frequency of (peripheral) pT FH post-vaccination in those receiving HD compared to SD vaccine (Pilkinton et al., 2017) . It has also been shown that the frequency of activated pT FH cells following vaccination is correlated with antibody responses to vaccination (Bentebibel et al., 2013; Spensieri et al., 2013; Herati et al., 2014) , consistent with that observed with HD vaccination.
As mentioned previously, CTL responses to ex vivo influenza challenge are a correlate of protection, and although our study was underpowered for this same type of analysis with only seven Flu + subjects, we were able to differentiate Flu + from Flu -subjects based on IL-10, IFN-γ and TNF-α responses, and a significant increase in iGrB levels following infection. Importantly, we were also able to demonstrate that a poor iGrB response to influenza vaccination is a reversible defect in light of the response to natural influenza infection. We have also previously shown that this same improved GrB response can be re-stimulated by a subsequent influenza vaccination (McElhaney et al., 2009 ). In addition, we have shown that these age-related changes in the CD8 + CTL response can be restored with the addition of IL-2 and IL-6 to PBMCs challenged ex vivo with influenza A/H3N2 (Zhou et al., 2016) or the addition of a TLR4 agonist to influenza vaccine, in in vitro studies of their subsequent response to live virus-challenge in older adult PBMC cultures (Behzad et al., 2011) . Of the cytokine responses observed, influenza infection appeared to have the greatest impact on IL-10 responses. IL-10 may be produced by Th2 or regulatory T-cells (Tregs), in the latter case, in an attempt to mitigate immunopathology (Sanchez et al., 2012) but in the case of dysregulated cytokine production could be a contributing factor to the poor outcomes of influenza observed in older adults. Our results contribute to the discordant observations of the effect of CMV status and interaction with age, on the antibody response to the different influenza vaccine strains (Wald et al., 2013; Frasca et al., 2015; Furman et al., 2015; Haq et al., 2016) . One possible explanation is that vaccination may restimulate the B-cells and thus, antibody responses to the H1N1 strains circulating during the childhood of the older adult cohort, due to their similarity to currently circulating H1N1 strains (Jacobs et al., 2012) . In addition, serological studies require much larger sample sizes to detect differences between groups and avoid Type 2 errors in the analysis.
Recent studies have shown that the use of CMV DNA (latent viral load) detected in monocytes is a better measure of current CMV status and burden compared to serum IgG titers (a marker of CMV exposure, and not necessarily current infection). As such, it has been suggested that latent CMV viral load may be a stronger correlate of immunological burden and hence could be the reason behind discrepant findings in this and other studies of the impact of CMV on immunological responses to infection and vaccination. This is supported by high latent viral load being correlated with an increased breadth and magnitude of the CMVspecific CD8 + T-cell IFN-γ responses (Jackson et al., 2017) as well as serum IL-6 levels (Li et al., 2014) . Although, it should be noted that there are conflicting reports on the correlation of age, CMV IgG titer and CMV DNA (Parry et al., 2016; Jackson et al., 2017) , suggesting that further investigation of the role of CMV DNA and the immune response to influenza. GrB and perforin have a key cytolytic function in the killing of virus infected cells in a directed manner. In the absence of perforin, GrB accumulates and has been shown to cause degradation of the extracellular matrix and stimulate an inflammatory response (Hiebert et al., 2011; Parkinson et al., 2015) . CMV in older adults has been linked to increased levels of late differentiated T-cells (CD8 + CD28 − ) (Di Benedetto et al., 2015; van der Heiden et al., 2016) and a decline in the effector memory CD8 + T-cell response to influenza (Xie and McElhaney, 2007) . Furthermore, the frequency of late differentiated effector T-cells correlates with bGrB activity (McElhaney et al., 2012; Haq et al., 2016) . The associated pro-inflammatory state in these individuals may be potentiated by the release of GrB in the absence of perforin creating a toxic environment leading to tissue injury (Granville, 2010; Afonina et al., 2011; Hiebert et al., 2011) . We found that an increase in bGrB levels in T-cells from CMV + older adults was accompanied by lower iGrB responses to ex vivo live virus-challenge, as we have shown previously (Haq et al., 2016) . Interestingly, the inverse correlation between bGrB and iGrB responses to influenza challenge extended to young adults, although without any impact iGrB responses to vaccination. The lower iGrB response in CMV + older adults corresponded to the same trend in TNF-α and IFN-γ as further evidence of the immunological burden of CMV in older adults. These results suggest that CMV seropositivity is an important determinant of the CTL response to influenza. Further studies are needed to elucidate the impact of CMV on the response to and outcomes of influenza infection.
Conclusion
This study provides new insights into the role of vaccine dose, CMV status and influenza on antibody and cellular immune responses to influenza in older adults. Here we demonstrated that HD influenza vaccines induce strong and long lived Th2 responses (antibody and IL-10), but have a limited impact on Th1 responses (iGrB, IFN-γ). In contrast, recent influenza infection is associated with the development of strong Th1 and Th2 memory responses and restores the iGrB response to ex vivo influenza challenge. Furthermore, CMV seropositivity appears to impair the Th1 response to influenza (iGrB and IFN-γ) but does not alter the magnitude of the response to vaccination. In summary, influenza vaccination stimulates a Th2 response to influenza challenge in older adult PBMCs, while CMV seropositivity further impairs the Th1 response. Together, these observations suggest a degree of resiliency in the aged T-cells that could be targeted in the design of new influenza vaccines to stimulate a Th1 memory response and restore the iGrB response to influenza challenge in older adults. Given the broad protection offered by the cell-mediated immune response to different influenza strains, this would be particularly significant in years when the vaccine and circulating influenza strains are poorly matched.
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